Abstract-This paper investigates the problem of the interference among multiple simultaneous transmissions in the downlink channel of a multi-antenna wireless system. A symbol-level precoding scheme is considered, where the data information is used, along with the channel state information, in order to exploit the multi-user interference and transform it into useful power at the receiver side. In this framework, it is important to consider the power limitations individually for each transmitting antenna, since a common practice in multi-antenna systems is the use of separate per-antenna amplifiers. Thus, herein the problem of per-antenna power minimization in symbol-level precoding is formulated and solved, under Quality-of-Service constraints. In the proposed approach, the precoding design is optimized in order to control the instantaneous power transmitted by the antennas, and more specifically to limit the power peaks, while guaranteeing some specific target signal-to-noise ratios at the receivers. Numerical results are presented to show the effectiveness of the proposed scheme, which outperforms the existing state of the art techniques in terms of reduction of the power peaks and of the peak-to-average power ratio across the transmitting antennas.
I. INTRODUCTION
During the last decade, there has been a strong growth in the demand for interactive services and multimedia content delivery through wireless networks. This ever-increasing demand imposes stringent throughput requirements for the next generation of communication systems. Consequently, a major challenge is to find feasible technical solutions to achieve this target, taking into account that the wireless spectrum is a scarce resource, which is getting more and more congested.
A way to tackle this challenge is to resort to multi-antenna transmitters, which allow to aggressively reuse the frequency spectrum by exploiting the additional degree of freedom given by the space dimension. This way, different users can be served by the transmitter sharing the same time and frequency resources, through a space division multiple access (SDMA) scheme [1] . Nonetheless, the full frequency reuse advantages come with the need of handling the interference arising between the simultaneous transmissions addressed to the co-channel users, which is the main limitation in these kind of systems. In this context, advanced signal processing techniques, such as linear precoding (or beamforming), have been shown to be an effective way to manage the multi-user interference (MUI), while guaranteeing some specific service requirements [2] - [7] .
Precoding techniques can be classified in channel-level and symbol-level. The conventional approach is the channel-level one where, using the knowledge of the channel state information (CSI), the transmitted signals are precoded in order to mitigate the MUI. In this framework, different strategies have been considered for the precoder design. The optimal precoding strategy for the minimization of the total transmit power, whilst guaranteeing some Quality-of-Service (QoS) targets at each user was given in [5] , [7] , while the problem of precoding for maximizing the minimum signal-to-interferenceplus-noise ratio (SINR) across the users, under sum power constraints (SPC), was optimally solved in [6] . The goal of the latter formulation is to increase the fairness of the system, hence the approach is also referred to as max-min fair. This work on channel-level precoding was extended in [8] accounting for per-antenna power constraints (PAC), and in [9] considering generalized power constraints. Furthermore, the problem of channel-level precoding in a multigroup multicast framework has been tackled in [10] .
On the other hand, in symbol-level precoding [11] - [18] the transmitted signals are designed based on the knowledge of both the CSI and the data information (DI), constituted by the symbols to be delivered to the users. In this approach, where the design exploits also the DI, the aim is not to eliminate the interference, but rather to control it so to have a constructive interference (CI) effect at each user. In [11] the classification of the interference as constructive or destructive was given, and a selective channel inversion scheme was proposed in order to eliminate the destructive interference. A more advanced symbol-level precoding scheme was proposed in [12] , based on the rotation of the destructive interference, with the aim to transform it into useful power. Similarly to the channel-level case, also in this approach different optimization strategies have been considered in the literature. In [14] the sum power minimization and the max-min fair problem were solved for M-PSK modulations. Extensions of such works include optimization strategies for multi-level modulations [15] and more flexible approaches for exploiting the constructive interference [17] . Furthermore, symbol-level precoding has been considered also in relation to multicast-based systems [17] , and taking into account the imperfect knowledge of the CSI [18] . However, the problem of limiting the per-antenna transmit power in the context of symbol-level precoding has not been addressed yet.
In this work, the problem of constructive interference for per-antenna power minimization, under QoS constraints, is considered and solved for M-PSK modulations. The motivation for the proposed approach is twofold. A first consideration, valid for any precoding technique, is that in many cases there is a lack of flexibility in sharing the energy resources amongst the multiple transmitting antennas, since it is common to have individual per-antenna amplifiers. This justifies the need to consider power limitations independently for each transmitter. In addition to this, another typical challenge in multi-antenna wireless communication systems is the need to control the instantaneous variations of the per-antenna transmit power. This is important since the power amplifiers fed by the transmitted waveforms usually introduce non-linear effects [19] , hence good dynamic properties are required in order to limit the distortion effects. A usual way to deal with this problem in single-user links relies on predistortion techniques [20] . However, their extension to multi-user systems relying on precoding is not straightforward, due to the complex nature of the constellations produced by the precoding operation.
The proposed symbol-level precoding design allows to control the instantaneous per-antenna transmit power, thus leading to a reduction of the power peaks, which are detrimental with respect to the aforementioned non-linearity problem. It should be mentioned that this is not possible in the channellevel approach, where the precoder is designed for an entire codeword, including several symbols, hence the transmitted power can be controlled only in average and not symbol by symbol. As a consequence, the precoded waveforms can show bad dynamic properties in terms of power peaks [21] .
The remainder of the paper is organized as follows. In Section 2, the system and signals communication model is delineated. In Section 3, the problem of CI for per-antenna power minimization is proposed and solved. In Section 4, the proposed approach is validated through simulation results. Finally, in Section 5 conclusions are drawn.
Notation: We use upper-case and lower-case bold-faced letters to denote matrices and vectors, respectively. (⋅) denotes the transpose of (⋅). | ⋅ | and ∠(⋅) denote the amplitude and the phase of (⋅), respectively, while Re(⋅) and Im(⋅) are the real and imaginary parts of (⋅). || ⋅ || and || ⋅ || ∞ represent the Euclidean norm and the l ∞ norm of (⋅), respectively. Finally, diag(⋅) denotes a diagonal matrix whose diagonal entries are the elements of (⋅), while ∘ is used for denoting the elementwise Hadamard operations.
II. SYSTEM AND SIGNALS MODEL
We consider a single-cell multiple-antenna downlink scenario, where a single base-station (BS) is equipped with transmit antennas that serve user terminals, with ≤ , each one equipped with a single receiving antenna. The adopted modulation is M-PSK, and a block fading channel ∈ ℂ
1×
is assumed between the transmit BS antennas and the -th user. The received signal at the -th user in the symbol slot can be written as:
where [ ] ∈ ℂ ×1 represents the transmitted signal vector from the transmit antennas, and [ ] is a complex circular symmetric random variable, modeling the zero mean Additive White Gaussian Noise (AWGN) measured at the -th user's receiving antenna. Without loss of generality, the noise variance is assumed to be 1.
By collecting the received signals by all the users in a vector [ ] ∈ ℂ ×1 , the above model can be rewritten in a compact form as:
represents the system channel matrix, and [ ] ∈ ℂ ×1 collects the AWGN components for all the users. According to the symbol-level precoding approach [14] , the transmitted signal vector [ ] is obtained as output of a precoding module, which directly designs [ ] using the CSI, which is an estimate of , and the input data symbols [ ] ∈ ℂ ×1 , namely the DI that the BS wants to convey to the users. The data symbols, drawn from an M-PSK constellation, are assumed to be uncorrelated and having unit power.
III. CONSTRUCTIVE INTERFERENCE FOR PEAK POWER MINIMIZATION (CIPPM)
Following the definition of constructive interference provided in [14] , the objective is to design the transmitted vector (to ease the notation, hereafter the time index is omitted), based on the CSI and the DI, assuring that the received signal lies in the detection region of the desired symbol, for each user. In other words, we should force the interfering signals to constructively contribute to the useful received power. Moreover, unlike [14] , where the total transmit power is minimized, we aim to minimize the per-antenna transmit power. To this end, the proposed approach is to minimize the maximum power among the different transmitters. Such minimization can be seen as the minimization of the peak power between the antennas, thus the proposed scheme is referred to as constructive interference for peak power minimization (CIPPM). The resulting optimization problem can be written as:
where is the target SINR that should be granted for the -th user, and = [ 1 .
. . ] ∈ ℂ ×1 contains the target SINR for all the users. The first set of constraints is a QoS constraint for each user. The second set of constraints represents the constructive interference condition, guaranteeing that each user receives the desired data symbol.
Following the method of [22] 
The equality constraint in (3) can be rewritten, by applying the tangent operator 1 , as:
where = tan (∠ ). However, since the tangent is not a one-to-one function, the following constraints should be added, in order to ensure that the received symbol and the intended one lie in the same quadrant:
Concerning the inequality constraint in the problem (3), it can be rewritten referring to the amplitude levels of the in-phase and quadrature components of the corresponding symbols, as follows:
where the absolute value is necessary for accounting negative components. By multiplying both the members of the above equations by Re( ) and Im( ) respectively, the above conditions become:
It is worth noticing that the constraints in (7) include the ones shown in (5).
Modeling the constraints as shown in (4) and (7), and resorting to the concept of l ∞ norm, the CIPPM problem can be rewritten as:
Ultimately, the problem can be rewritten in a more compact form as:
where
. A way to tackle the problem (9) is to write it as a secondorder cone programming (SOCP) [23] in the stacked variablẽ = [Re( ) , Im( ) ] ∈ ℝ 2 ×1 . To this end, the objective function, as well as the constraints, should be written in terms of˜.
Concerning the objective function, it is not difficult to see that:
where ∈ ℝ
2×2
is a matrix used for selecting Re( ) and Im( ) in the stacked vector˜and, ∀ = 1, . . . , , is defined as:
with being a the -th row of an identity matrix with size , and 0 being the all zero entries vector in ℝ 1× . For writing also the constraints of (9) in terms of˜, it is convenient to split the vector into its real and imaginary parts:
which leads straightforwardly to:
Hence, the optimization problem (9) becomes:
Finally, by introducing a slack variable , the CIPPM problem can be formulated as a SOCP as follows:
The global optimum of this optimization problem can be obtained using the standard convex optimization tools.
IV. SIMULATION RESULTS
In this section some numerical results are presented, to show the effectiveness of the proposed CIPPM approach. Before discussing the results, let us define the considered performance metrics. The symbol-level average power transmitted by each antenna is defined as av = || || 2 , whilst the symbol-level peak power among the antennas will be peak = || || 2 ∞ . By taking an average of such quantities over a large number of symbol slots, we obtain the frame-level average power and peak power, which are used as performance metric hereafter. Furthermore, the peak-to-average power ratio (PAPR), intended as the ratio of the introduced power metrics, is also considered to quantify the relative weight of the power peaks.
The numerical results of the proposed scheme are compared with the ones obtained with the approach of [14] , which we can refer to as constructive interference for sum power minimization (CISPM). The corresponding optimization problem is the following:
The presented results in Figs. 1-4 have been obtained by averaging over 500 frames of = 100 symbol slots each. The quasi-static block fading channel coefficients have been generated, for the generic user , as
Each fading block is assumed to correspond to a frame. Moreover, the assumed modulation scheme is QPSK. Finally, the number of transmit antennas is assumed to be equal to the number of users , and such number will be hereafter referred to as system size. Fig. 1 shows the introduced power consumption metrics, in dBW, as a function of the target SINR, assumed the same for all the users for the sake of simplicity. The system size is fixed to 10. As expected, it can be seen how the required transmit power increases with the target SINR, and how the proposed CIPPM approach attains better performance in terms of peak power with respect to the CISPM approach. This gain on the peak power, close to 1 dB, comes with the sacrifice of a higher average transmit power. As a result, we have a lower PAPR (3.1 dB) with the proposed CIPPM approach, with respect to the CISPM one (4.7 dB). Fig. 2 shows the power consumption, in dBW, as a function of the system size, for a target SINR fixed to 3 dB. Besides the fact that the CIPPM approach outperforms the CISPM one in terms of peak power, it is worth noticing how the power has a decreasing trend with the system size. This can be intuitively explained considering that, for a higher numbers of transmitting antennas, the stronger effect of constructive interference allows to achieve the target SINR with a lower required power. Moreover, it is important to notice how the performance gap between the two compared techniques increases with the system size. This implies that much higher gains can be expected for very high system size value. This is the case of large antenna arrays in massive MIMO [24] and of multi-beam satellite systems [21] . Further insights can be given by the PAPR curves shown in Fig. 3 . In fact, with the proposed approach the PAPR is remarkably lower when the system size increases. Fig. 4 shows the power consumption as a function of the effective user rate, assuming the system size fixed to 10. The effective user rate is clearly related to the target SINR and, for a generic user , can be defined as:
where denotes the maximum rate, in bits per symbol, supported by the adopted modulation, and SER is the symbol error rate. It can be seen how the maximum supported user rate of 2 bits/s/Hz is attained with a lower peak power with the proposed approach.
Finally, Fig. 5 shows the instantaneous power utilization, in linear scale, for each transmit antenna, with the CIPPM and the CISPM approaches, for a 5 × 5 system and a target SINR of 3 dB. The channel matrix and the DI vector are fixed to the values reported in (17) , (18) . Such representation clearly shows how, sacrificing some average power, the proposed approach leads to a more uniform distribution of the power between the antennas, resulting in a lower peak power. V. CONCLUSIONS In the present work, a novel approach for symbol-level precoding is proposed, aiming at minimizing the per-antenna transmit power. In particular, the problem of minimization of the peak power amongst the transmitting antenna, under QoS constraints, is formulated and solved, in order to have a more uniform distribution of the transmitted power with respect to the state of the art symbol-level techniques. Such design is particularly suitable for per-antenna power limited systems, as well as for systems corrupted by non-linear effects. The performance of the proposed scheme is assessed through numerical results, in comparison to the sum power minimization scheme. In particular, it is shown how the proposed approach gains in terms of a reduced transmitted peak power across the antennas, at the expense of a higher required average power.
